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Layered Double Hydroxides Intercalated with
Borate Anions: Fire and Thermal Properties in
Ethylene Vinyl Acetate Copolymer
Calistor Nyambo

Department of Chemistry and Fire Retardant Research Facility, Marquette University, Milwaukee, WI

Charles A. Wilkie

Department of Chemistry and Fire Retardant Research Facility, Marquette University, Milwaukee, WI

Abstract

Fire and thermal properties of ethylene vinyl acetate (EVA) composites prepared by melt blending with layered
double hydroxides (LDH) have been studied. Two types of LDHs intercalated with borate anion were prepared
using the coprecipitation method and the metals Mg2+, Zn2+ and Al3+. Characterization of the LDHs and the EVA
composites was performed using X-ray diffraction, thermogravimetric analysis, and cone calorimetry. Thermal
analyses show that the addition of LDHs improves the thermal stability of EVA. Fire properties evaluated using
the cone calorimeter were significantly improved in the EVA/LDH composites. The peak heat release rate was
reduced by about 40% when only 3% by weight of the LDH was added to the copolymer. Comparison of the fire
properties of the LDHs with those of aluminum trihydrate (ATH), magnesium hydroxides (MDH), zinc hydroxide
(ZH) and their combinations at 40% loading, reveal that the LDHs were more effective than when MDH and ZH
are used alone.
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1. Introduction

Fire retarded ethylene vinyl acetate (EVA) copolymer is used worldwide as an insulator for wires and
cables. Since pristine EVA is easily flammable, it is not suitable for many applications and in most cases halogencontaining flame retardants (FRs) or the minerals alumina trihydrate (ATH) and magnesium hydroxide (MDH) are
used as flame retardants (FRs) for this copolymer [1], [2], [3], [4], [5], [6]. These FRs have some major shortcomings, for
example, the pyrolysis products from halogenated FRs are considered corrosive and toxic while the fillers ATH
and MDH are only effective at high loadings, greater than 60%, which is often detrimental to mechanical
properties. Efforts are directed to find FRs that are effective at lower loadings and are also environmentally
friendly. Layered double hydroxides (LDHs) have emerged as promising FRs because they have been shown to
improve thermal stability and fire retardancy [7], [8], [9].
LDHs are anionic clays that are both synthetic and naturally occurring. The general formula for LDHs is
[M2+1−xM3+x·(OH)2]x+(Ax/n)n−·mH2O], where M2+ = divalent cation (Mg2+, Zn2+, Co2+), M3+ = trivalent cation (Al3+, Fe3+,
Mn3+) and An− is the charge balancing interlayer anion. In simple terms the structure of LDHs can be derived from
that of brucite, Mg(OH)2, which is composed of edge-sharing Mg(OH)6octahedral sheets [10]. Partial substitution
of the Mg2+ with Al3+ creates a positive charge on the metal layers. This positive charge is then counter balanced
by the presence of anions in the galleries. The charge balancing anions can be organic or inorganic and common
examples are alkyl carboxylates, carbonate, nitrate, etc. Since both the composition of the metal layers and the
gallery anions can be varied, there is enormous potential for preparing LDHs with a wide range of applications
including use as flame retardants. In related work, many investigations have demonstrated that borates improve
fire retardancy [11], [12], [13], [14]. Melamine borate, ammonium pentaborate and zinc borate are some examples of
commonly used boron-containing commercial FRs; the introduction of borate anion into the galleries of LDHs
may improve fire retardancy. Furthermore, LDHs prepared with Mg2+and Al3+possess compositions similar to
those of MDH and ATH, while a combination of Zn2+, Al3+ and borate anion in LDH resemble zinc borate (ZB) and
ATH.
The purpose of this study is to develop flame retardant LDHs intercalated with borate anion to be used
in EVA. Comparing the fire performance effectiveness of the LDHs containing different types of metals
Mg2+/Al3+ and Zn2+/Al3+ together with commercial FRs, such as melamine polyphosphate (MP), zinc borate (ZB),
ATH and MDH and their combinations, is another objective of the work.

2. Experimental
2.1. Materials

The materials used were zinc nitrate, sodium hydroxide flakes, magnesium nitrate hexahydrate,
Mg(NO3)2·6H2O, aluminum nitrate nonahydrate, Al(NO3)3·9H2O from Aldrich Chemical Co, ethylene vinyl acetate
copolymer (EVA) (Escorene Ultra from Exxon Mobil Chemical), zinc hydroxide (ZH) (City chemical), zinc borate
(Fire Brake 415) and boric acid from Rio Tinto Inc; melamine polyphosphate (melapur 200/70 from Ciba
Specialty Chemicals), magnesium hydroxide (MDH) (magnifin H7-C) and alumina trihydrate (ATH) (martinal char
42) (Albemarle Corp). All chemicals were used without further purification.

2.2. Instrumentation

Powder X-ray diffraction measurements (PXRD) and XRD for the composites were performed in a Rigaku,
Miniflex II Desktop, X-ray diffractometer with a Cu (K alpha) source λ = 1.54078 Å, from a sealed X-ray tube. The
powder samples were prepared and mounted on a glass holder while thin plaques of composites were
fabricated via compression molding and mounted on an aluminum sample. The data were collected at various
2θ values from 0 to 70° at a scan speed of 5° per minute with a sampling width of 0.02.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on an SDT
2960 simultaneous DTA–TGA instrument from 50 to 800 °C at a heating rate of 20 °C/min in N2, flowing at

85 ± 5 ml/min, with sample sizes of 15.0 ± 1.0 mg contained in aluminum sample cups. All samples were run in
triplicate and average values are reported; temperatures are considered accurate to ±3 °C and the error on the
fraction of non-volatile materials is ±2%. Approximately 30 g of EVA composite samples were compression
molded into 10 cm × 10 cm square plaques of uniform thickness (∼3 mm) before cone calorimetry was
performed on an Atlas Cone 2 instrument at an incident flux of 35 kW/m2 with a cone shaped heater; the spark
was continuous until the sample ignited. All samples were run in triplicate and the average value, with standard
deviation, is reported; results from cone calorimeter are generally considered to be reproducible to ±10%.

2.3. Preparation of the Mg/Zn Al–borate layered double hydroxides

The LDHs were synthesized by the coprecipitation method, following a procedure similar to that
reported by Bhattacharyya and Hall [15]. The preparation was performed in a nitrogen atmosphere to exclude
CO2, whose presence would lead to the incorporation of carbonate in the LDHs. In a typical preparation of the
magnesium aluminum borate layered double hydroxide (MgAl–borate LDH), a solution of 38.5 g of
Mg(NO3)2·6H2O (0.150 mol) and 28.1 g of Al(NO3)3·9H2O (0.0750 mol) in 200 ml of degassed and deionized water
was added dropwise over 1 h to a solution of 20.9 g of H3BO3 (0.338 mol) in 200 ml of degassed/deionized
water. The pH of the solution was maintained at 9.0 by adding 1 M NaOH solution as needed. The resulting
white precipitate was aged for 24 h at 65 °C, and then filtered until all of the supernatant liquid was removed.
The sample was washed several times with large amounts of deionized and degassed water, and dried at 50 °C
in a vacuum oven. The same procedure was repeated for preparation of the zinc aluminum borate layered
double hydroxide (ZnAl–borate LDH), with the exception that the pH was maintained at 8.3.

2.4. Preparation of the ethylene vinyl acetate composites

Ethylene vinyl acetate–LDH composites were prepared via melt blending using established methods [16].
Melt blending was chosen because it is a solvent-free, convenient and environmentally friendly method. The
composites were prepared on a Brabender mixer (temperature = 120 °C, screw speed = 60 rpm, and
time = 8 min). Constitutive proportions of LDH samples are presented in Table 1. A reference sample of
unmodified ethylene vinyl acetate was obtained by following the same procedure without any additive.
Table 1. Composition of ethylene vinyl acetate composites.
Formulation
EVA LDH MDH ATH ZH
ZB
EVA
100 0
0
0
0
0
+3%LDH
97
3
0
0
0
0
+5%LDH
95
5
0
0
0
0
+10%LDH
90
10
0
0
0
0
+20%LDH
80
20
0
0
0
0
+40%LDH
60
40
0
0
0
0
+40%MDH
60
0
40
0
0
0
+40%ATH
60
0
0
40
0
0
+40%ZH
60
0
0
0
40
0
+40%ZB
60
0
0
0
0
40
+40% (2:1 MDH:ATH) 60
0
27.7 13.3 0
0
+40% (2:1 ZH:ATH)
60
0
0
13.3 27.3 0
+10%MP
90
0
0
0
0
0
+7%MP + 3%LDH
90
3
0
0
0
0
+5%MP + 5%LDH
90
5
0
0
0
0
+3%MP + 7%LDH
90
7
0
0
0
0
+10%LDH
90
10
0
0
0
0

MP
0
0
0
0
0
0
0
0
0
0
0
0
10
7
5
3
0

EVA, ethylene vinyl acetate; LDH, layered double hydroxide which is either MgAl–borate or ZnAl–borate; MDH; magnesium
hydroxide; ATH, aluminum trihydrate; ZH, zinc hydroxide; ZB, zinc borate (Fire Brake 415); and MP, melamine
polyphosphate, Zn Al–borate LDH was used in combination with MP.

3. Results and discussion
3.1. Characterization of Mg/Zn–Al LDHs and their ethylene vinyl acetate composites
3.1.1. X-ray diffraction (XRD) analysis

Fig. 1 gives a comparison of the XRD traces for the LDHs. Three equidistant peaks are observed in the
two types of LDHs and these reveal good crystallinity and confirm the presence of borate anion in the galleries
of the LDH. The 2θ values for the ZnAl–borate (8.2°) and MgAl–borate LDHs (8.3°) correspond to d-spacings of
10.8 and 10.5 Å respectively, using the Bragg equation. Subtracting 4.6 Å, the thickness of a brucite layer gives
interlayer spacings of 6.2 Å and 5.9 Å for ZnAl–borate and MgAl–borate LDHs respectively and these are not
significantly different. The XRD data for these LDHs agree very well with those reported in the
literature [15], [17], [18]. Fig. 2 presents the XRD traces of the EVA composites containing Zn/MgAl–borate LDHs. No
diffraction peaks were observed in the XRD traces of the EVA composites. Based on previous work on
nanocomposites [19], [20], the observed d-spacings of the Zn/MgAl–borate LDHs, which are smaller than those of
unmodified montmorillonite (d-spacing of 11.7 Å), are too small to permit entry of the polymer. The absence of
diffraction peaks in the XRD patterns of the composites must be due to disordering of the LDHs and these
systems are microcomposites, in other words, the borate LDHs are acting as conventional fillers.

Fig. 1. Powder XRD patterns of Mg/ZnAl–borate LDHs.

Fig. 2. XRD traces of EVA + MgAl–borate LDHs.

3.2. Thermal stability of the Mg/Zn–Al LDHs and their ethylene vinyl acetate composites

Thermogravimetric analysis (TGA) is the tool of choice for characterizing the thermal stability of
polymers and fire retardants. The most important parameters used for comparing thermal stability are the onset

degradation temperature, T0.1, (temperature at 10% mass loss), the mid-point temperature, T0.5 (the
temperature at 50% mass loss) and the residue at 600 °C. TGA and differential thermal gravimetry (DTG) curves
of the Zn/Mg–Al borate LDHs are shown in Fig. 3 and the data are summarized in the inset in Fig. 3(a). Thermal
degradation of LDHs is generally characterized by: (i) the loss of adsorbed water (0–150 °C), and (ii) interlayer
water 150–250 °C followed by (iii) dehydroxylation (250 °C) and (iv) decomposition of the gallery
anions [21], [22], [23], [24], [25]. The first two steps are observed in the thermal degradation of these borate LDHs while
the dehydroxylation step overlaps with the decomposition of the anion. There is no difference in the TGAs of the
two LDHs, except for the amount of residual material at 600 °C. The data in the inset in Fig. 3(a), show that ZnAl–
borate gives a residue of 75% while the MgAl–borate gives about 67% and this is reasonable since Zn is heavier
than Mg.

Fig. 3. TGA and DTG curves for (a) MgAl–borate LDH and (b) ZnAl–borate LDHs.
Thermal degradation of EVA in air has been studied extensively and is known to proceed by a three-step
process [26], [27], [28], [29]. The first step (250–400 °C) is due to the loss of acetic acid from the decomposition of the
vinyl acetate group, while the second step (400–500 °C) is assigned to the degradation of the unsaturated
polyethylenic chains. Decomposition of the carbonaceous char occurs as the last step (500–600 °C). These steps
have been assigned and are all clearly shown in the TGA and DTG plots presented in Fig. 4(a) and (b). TGA plots
show that the addition of the MgAl–borate LDH and ZnAl–borate LDHs to EVA improves the thermal stability and
does not seem to affect the degradation steps of the copolymer. From the TGA data summarized in Table 2, the
thermal stability, as measured by T0.5, increases with an increase in the loading of the LDHs. The best thermal
stability effect is obtained at 40% loading of the LDH, and this is comparable to that obtained in composites with
zinc borate and MDH alone and combinations of MDH and ATH. Both ATH and zinc hydroxide alone at 40%
loading improves the T0.5 more than the LDH does. As would be expected the char obtained at 600 °C increases
with an increase in loading of the LDHs and show no significant differences between the two types of LDHs.
There is no significant difference of the char obtained at 40% loading of the additives and their combinations.

Fig. 4. (a) TGA curves for (i) EVA + MgAl–borate LDHs and (ii) DTG curves for EVA + MgAl–borate LDH. (b) TGA
curves for (i) EVA + ZnAl–borate LDHs and DTG curves for (ii) EVA + ZnAl–borate LDH.
Table 2. TGA data for ethylene vinyl acetate and its composites.
Formulation
T0.1 (°C) T0.5 (°C) %Char
EVA
350
449
0
EVA + 3%MgAl–borate LDH
350
456
2
EVA + 5%MgAl–borate LDH
354
462
3
EVA + 10%MgAl–borate LDH
352
463
6
EVA + 20%MgAl–borate LDH
354
466
12
EVA + 40%MgAl–borate LDH
340
473
25
EVA + 3%ZnAl–borate LDH
357
460
1
EVA + 5%ZnAl–borate LDH
353
464
4
EVA + 10%ZnAl–borate LDH
362
463
8
EVA + 20%ZnAl–borate LDH
356
470
13
EVA + 40%ZnAl–borate LDH
344
476
30
EVA + 40%MDH
359
477
28
EVA + 40%ATH
327
489
26
EVA + 40% (2:1 MH:ATH)
357
479
27
EVA + 40% (2:1 ZH:ATH)
353
480
32
EVA + 40%ZH
377
491
35
EVA + 40%Zinc borate
372
473
34
EVA + 7%ZnAl–borate LDH + 3%MP 364
460
6
EVA + 5%ZnAl–borate LDH + 5%MP 365
459
5
EVA + 3%ZnAl–borate LDH + 7%MP 357
460
5
EVA + 10%MP
362
463
8

ΔT0.5 ΔT0.1
7
13
14
17
24
11
15
14
21
27
28
40
30
31
42
24
11
10
11
14

0
4
2
4
−10
7
3
12
6
−6
9
−23
7
3
27
22
14
15
7
12

T0.1, temperature at which 10% mass loss occurs; T0.5, temperature at which 50% mass loss occurs; %Char, residue at 600 °C;
ΔT0.5, T0.5 (composites) minus T0.5 (neat PMMA); ΔT0.1, T0.1 (composites) minus T0.1 (neat PMMA).

3.3. Flammability behavior of the ethylene vinyl acetate composites

Cone calorimetry is the most important tool for assessing flammability behavior of polymer composites.
This provides the heat release rate (HRR), and especially its peak value (PHRR); total heat released (THR); volume
of smoke released (VOS); average mass loss rate (AMLR); time to ignition (tig); and the char yield. The cone
calorimetry data are summarized in Table 3a, Table 3b, and the plots of heat release rate versus time are shown
in Fig. 5. To compare the effectiveness of flame retardants in composites, the reduction in the peak heat release
(PHRR) is the most important parameter obtained from cone calorimetry and this gives a general indication on
the size of the fire and how fast it grows. The addition of the LDHs reduces the PHRR of the composites

significantly, as shown in Fig. 5. At loadings of about 3% MgAl–borate LDH and 3% ZnAl–borate the PHRR is
reduced by 42% and 36%, respectively. As the loadings of LDH increase from 3 to 40% the reduction in PHRR also
increase. There is no significant difference in the PHRR reduction for the ZnAl–borate and MgAl–borate LDHs. At
40% loading the fire performance of LDHs is better than that of MDH or ZH alone, but not as good as that
obtained for ATH and ZB alone. The best reduction in PHRR at 40% additive loading is 89%, and this is observed
with both ATH and zinc borate. The LDHs gives reductions in PHRR that are significantly larger than those
observed when 2:1 a combination of ZH/ATH is used but similar to that of composites with the combination of
MDH/ATH. The observed reduction in total heat released (THR), especially at high loading of 20 and 40%, may
simply be explained by the reduction in the amount of fuel due to partial replacement of the EVA by the LDH.
Addition of the LDH increases the VOS, but at 40% loadings there is no significant difference in the smoke
produced (VOS) for all the additives. The AMLR decreases with an increase in the LDH loading and correlates
with the reduction in PHRR. The smallest values of AMLR are obtained when ATH and zinc borate are used and
these also give the best reduction in PHRR. The time to ignition is also reduced by the addition of the LDHs while
the char yield increases with the loading of the LDHs. The fire retardant action of the borate intercalated LDHs
may be explained by their endothermic decomposition that results in the formation of water vapor and mixed
metal oxide residue. The oxides are important for fire retardancy because they reduce the flaming process by
acting as a barrier that protects the polymer surface and suppress the rate of fuel supply to the flaming
area [30], [31].
Table 3a. Cone calorimetry data for ethylene vinyl acetate composites at 35 kW/m2.
Formulation
PHRR
Rdctn THR
VOS (l)
AMLR
(kW/m2)
(%)
(MJ/m2)
(g/s m2)
EVA
2027 ± 137 NA
118 ± 7
516 ± 101 48 ± 7
EVA + 3%MgAl–borate LDH
1169 ± 77 42
110 ± 9
1013 ± 109 34 ± 1
EVA + 5%MgAl–borate LDH
1146 ± 109 43
111 ± 7
1350 ± 322 36 ± 2
EVA + 10%MgAl–borate LDH 1031 ± 58 49
111 ± 2
1160 ± 131 34 ± 1
EVA + 20%MgAl–borate LDH 919 ± 144 55
99 ± 2
1296 ± 133 32 ± 1
EVA + 40%MgAl–borate LDH 530 ± 51
74
77 ± 1
901 ± 73
15 ± 1
EVA + 3%ZnAl–borate LDH
1287 ± 15 36
116 ± 1
1226 ± 89 36 ± 4
EVA + 5%ZnAl–borate LDH
867 ± 52
57
117 ± 1
1013 ± 47 30 ± 2
EVA + 10%ZnAl–borate LDH 750 ± 35
63
111 ± 1
1267 ± 63 27 ± 3
EVA + 20%ZnAl–borate LDH 834 ± 15
59
102 ± 2
721 ± 161 28 ± 4
EVA + 40%ZnAl–borate LDH 460 ± 23
77
77 ± 2
898 ± 77
16 ± 4
EVA + 40%MDH
703 ± 95
65
75 ± 2
687 ± 52
22 ± 3
EVA + 40%ATH
222 ± 29
89
74 ± 1
743 ± 136 9 ± 1
EVA + 40%ZH
1079 ± 106 47
52 ± 5
910 ± 62
27 ± 3
EVA + 40%Zinc borate
231 ± 9
89
81 ± 1
835 ± 144 5 ± 1
EVA + 40% (2:1 MDH:ATH)
577 ± 23
72
75 ± 1
692 ± 136 22 ± 1
EVA + 40% (2:1 ZH:ATH)
1052 ± 146 48
73 ± 3
625 ± 40
33 ± 4

tig (s)
58 ± 4
35 ± 1
36 ± 1
36 ± 2
40 ± 2
43 ± 1
48 ± 3
51 ± 5
53 ± 6
38 ± 2
51 ± 4
63 ± 3
54 ± 5
36 ± 4
50 ± 3
63 ± 2
44 ± 5

Char
(%)
0±0
2±0
3±1
6±0
13 ± 1
26 ± 0
3±0
4±0
9±1
14 ± 1
30 ± 1
29 ± 1
31 ± 1
34 ± 1
36 ± 1
32 ± 1
30 ± 1

tign, time to ignition; PHRR, peak heat release rate; Rdctn, % reduction in PHRR; tPHRR, time to peak heat release rate; THR,
total heat release; VOS, volume of smoke released; AMLR, average mass loss rate.

Table 3b. Cone calorimetry data for composites of ethylene vinyl acetate with melamine polyphosphate (MP)
obtained at 35 kW/m2.
Formulation
PHRR
Rdctn (%) THR
VOS (l)
AMLR
tig (s)
2
2
2
(kW/m )
(MJ/m )
(g/(s m ))
EVA
1709 ± 213
NA
121 ± 5
1044 ± 133 22 ± 4
61 ± 6
EVA + 10%ZnAl–borate LDH
642 ± 53
62
112 ± 3
1094 ± 11 21 ± 2
43 ± 1
EVA + 7%ZnAl–borate + 3%MP
804 ± 55
53
111 ± 1
736 ± 36
22 ± 8
40 ± 5
EVA + 5%ZnAl–borate + 5%MP
731 ± 34
57
113 ± 1
1158 ± 257 17 ± 1
38 ± 5

EVA + 3%ZnAl–borate + 7%MP
EVA + 10%MP

806 ± 81
689 ± 47

53
60

133 ± 19
113 ± 1

978 ± 146 15 ± 1
1227 ± 292 14 ± 3

36 ± 6
48 ± 8

tign, time to ignition; PHRR, peak heat release rate; Rdctn, % reduction in PHRR; tPHRR, time to peak heat release rate; THR,
total heat release; AMLR, average mass loss rate.

Fig. 5. Heat release rate curves for (a) EVA + MgAl–borate LDH, (b) EVA + ZnAl–borate LDH, and (c) EVA + control
additives.
The cone calorimetry data for EVA composites containing ZnAl–borate LDH, MP and their combinations
are presented in Table 3b. The addition of either 10% of melamine polyphosphate (MP) or 10% ZnAl–borate LDH
gives similar fire performance. Combining MP and ZnAl–borate LDH a total additive loading of 10% gives the
same result i.e. the combination is no more effective than an individual component; there is no synergistic
interaction.
The formation of powder-like material in some of the composites was observed after cone calorimetry
and the photographs of the char are shown in Fig. 6. The appearance of the char was different depending on the
additive used. The chars obtained from ZnAl–borate, zinc borate and zinc hydroxide were hard while those from
MgAl–borate, MDH, ATHT and combination of MDH with ATH were soft and powdery. XRD traces for the char
after cone calorimetry are shown in Fig. 7(i). XRD analyses show that the char from the LDH composites was
amorphous and could not be indexed due to its poor crystallinity. Attempts to calcine the char at 1000 °C from
LDHs resulted in the formation of glassy material that bonded strongly with the ceramic cup holder and could
not be isolated for further XRD analyses. With the char obtained from zinc hydroxide and its combination with
ATH, diffraction peaks were observed and these matched those of zinc oxide [32] as presented in Fig. 7(ii). The
cone calorimetry results obtained at 3% loading of the borate LDHs are consistent to those reported in previous
work [33], in which an LDH modified with 2-aminotoluene-5-sulfonate was melt blended with EVA at 3% loading
and 39% reduction in PHRR was observed. They are also comparable to those observed for EVA composites
containing MMT modified with a ferrocenium cation [34].

Fig. 6. Photographs of residual char from (a) EVA + 40% MgAl–borate LDH, (b) EVA + 40% ZnAl–borate LDH, (c)
EVA + 40% ZH, (d) EVA + 40% ZB, (e) EVA + 40% ZH, (f) EVA + 40%ATH, (g) EVA + 40% (2:1 MDH:ATH), and (h)
EVA + 40% (2:1 ZH:ATH) formulations following cone calorimetry test under a heat flux of 35 kW/m2.

Fig. 7. (i): XRD of residual char (a) EVA + 40% MgAl–borate LDH, (b) EVA + 40% ZnAl–borate LDH, (c)
EVA + 40%ATH, (d) EVA + 40% ZB, (e) EVA + 40% (2:1 MDH:ATH) (f) EVA + 40% MDH, (g) EVA + 40% ZH and (h)
EVA+ 40% (2:1 ZH:ATH) formulations following cone calorimetry test under a heat flux of 35 kW/m2. (ii): A
comparison of XRD traces for (a) zinc oxide, (b) the char for EVA + zinc hydroxide and (c) char for EVA + (2:1 zinc
hydroxide + ATH) obtained after cone calorimetry. Ref. [20], pdf = 36–1451 for ZnO.

4. Conclusions
Layered double hydroxides intercalated with borate anion were successfully prepared with the metals
Mg , Zn2+, and Al3+ using the coprecipitation method. EVA composites prepared using these LDHs showed
improved thermal stability. The fire properties of the composites studied using cone calorimetry show that the
addition of LDHs reduces the PHRR and AMLR significantly. The reduction in PHRR and AMLR increases with an
increase in the loading of the LDHs. At 40% loading, the reduction in PHHR observed in composites containing
LDHs were significantly higher than those consisting of zinc hydroxide, MDH, and their combinations, but was
similar to a combination of MDH and ATH. XRD analyses of the char obtained after cone calorimetry reveal that
oxides formed during combustion were amorphous. Only the char composites containing zinc hydroxide was
crystalline and this showed the presence of zinc oxide. LDHs are effective flame retardants for EVA and are
promising flame retardants for the future.
2+
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